ABSTRACT: Radiostereometric analysis (RSA) is a method for measuring micromotion in joint arthroplasties. RSA has never been used in total wrist arthroplasties. We evaluated: (i) the precision of model-based RSA in total wrist arthroplasties measured in a phantom model and in patients; (ii) the number of bone markers necessary to ensure the precision; and (iii) the accuracy of modelbased RSA in a phantom model. Reverse engineered models of radial and carpal/metacarpal components of two wrist arthroplasties (ReMotion 1 and Motec 1 ) were obtained by laser scanning. Precision and accuracy of each arthroplasty were analyzed with regards to translation and rotation along the three coordinate axes. Precision was analyzed in 10 phantom and 30 clinical double examinations for each arthroplasty, and was expressed by a repeatability coefficient. The precision of different numbers and configurations of bone markers in the phantom model were compared. Accuracy was tested in a phantom model where the implants were attached to a micrometer, and was defined as the mean difference between measured and true migration. In the phantom model the precision for translations ranged from 0.03 to 0.14 mm and for rotations from 0.18 to 1.52˚. In patients the precision for translations ranged from 0.06 to 0.18 mm, and for rotations from 0.32 to 2.18˚. Less than four bone markers resulted in inferior precision. Accuracy ranged from À0.06 to 0.04 mm, and from À0.38 to À0.01˚. Y-rotations could not be obtained from the Motec 1 due to rotational symmetry about the longitudinal axis. We conclude that model-based RSA in total wrist arthroplasties is precise, accurate, and feasible to use for clinical evaluation of micromotion in wrist arthroplasties. ß
Radiostereometric analysis (RSA) is the gold standard for measurement of migration in hip and knee arthroplasties. [1] [2] [3] Future implant loosening can be predicted as early as 1 to 2 years after surgery. [4] [5] [6] Fifteen to 25 patients in each study group are usually sufficient to conduct an RSA study. 5, 7, 8 In addition to hip and knee arthroplasties, RSA has been performed in ankle, 9 shoulder, 10 elbow, 11 and trapeziometacarpal prostheses, 12, 13 but has to our knowledge never been performed in total wrist arthroplasties (TWA). TWA has been used for more than 40 years. 14, 15 Older implant designs have demonstrated high rates of failure due to problems with bone fixation, excesive wear, muscular imbalance, and dislocations.
14 Contemporary designs show promising midterm results with 10% revision after 5-9 (mean 6.5) years, 16 and 14% revision after 5-10 (mean 8) years. 17 When introducing RSA to a new anatomical area or to a new prosthetic design the precision and accuracy of the method should be determined. 18 Precision is equal to repeatability and defined as the agreement between two test results under the same conditions. 19 Precision can be assessed by double examinations, in which the measured difference between two stereoradiographs performed within a short time interval, is assumed to be caused solely by measurement error. 8, [20] [21] [22] Accuracy is the "trueness" of a measurement, and defined as the closeness of agreement between a test result and a known value. 19 The accuracy can be assessed by comparing the migration measured by RSA with a known migration using a micrometer with a resolution higher than what can be achieved with RSA. 8, [21] [22] [23] The most important factors affecting the precision of RSA include the number and configuration of bone markers, which are expressed by the condition number (CN), as well as the stability of bone markers expressed by the rigid body error (RBE). 24 The CN is determined by the spatial distribution of the bone markers. Scattered markers yield a favorable low CN, whereas aligned markers increase the CN. A high CN affects rotational precision more than translational, and especially rotation about the axis parallel to the aligned markers. 24 Accuracy is determined by systematic errors of the instruments and RSA-technique, including radiological equipment, calibration boxes, software, and observer errors. 25 In traditional marker-based RSA the implant components have to be equipped with at least three tantalum markers. The process of modifying the implants for attachment of markers increases the costs and extends the start-up period of RSA studies. 26 Moreover, it has been suggested that implant markers may cause local stress and cracks in bone cement, thereby initiating loosening of cemented implants. 27 Furthermore, implant markers may be hidden behind the implant, precluding visualization on stereoradiographs. 28 Visualization of the markers may be even more difficult in smaller anatomical regions such as the basal thumb joint or the wrist. 12 Model-based RSA has no need for implant markers. Instead a three dimensional (3D) surface model of the implant is projected over the stereoradiograph. The position and orientation of the implant is optimized by matching the virtually projected model contour with the actual contour detected in the stereoradiograph using an edge detection algorithm. 26, 28 The surface models can be made either from computer aided design (CAD) models provided by the manufacturer, or by reverse engineering (RE). 26 Even though model-based RSA has not proven as precise and accurate as markerbased RSA in hip and knee, the precision, and accuracy has been found good enough for clinical use. 27, [29] [30] [31] We investigated the precision of model-based RSA using both phantom and clinical double examinations, the precision of different numbers and configurations of bone markers in a phantom model, and the accuracy of model-based RSA applied on the radial and carpal/ metacarpal component of two different TWA.
MATERIALS AND METHODS

The ReMotion
1 TWA (Stryker, Inc., Kalamazoo, MA) comprises titanium plasmasprayed chromium-cobalt stems for pressfit fixation in the radius and the capitate (Fig. 1A) . Two chromium-cobalt screws provide additional fixation to the carpal bones. The metal-on-polyethylene articulation is ovoid. The number of triangles expressing the surface models were reduced to approximately 10,000. The migration was measured as translations and rotations within the 3D coordinate system of the calibration box. The directions of movement of wrist implants were defined as radial to ulnar translation and dorsal to volar tilt (flexion) on the X-axis, distal to proximal translation (i.e., subsidence), and supination to pronation on the Y-axis, and dorsal to volar translation and ulnar to radial tilt on the Z-axis (Fig. 2) Fig. 3A and B) . The RSA equipment was reassembled between all examinations. Ten double examinations were created by comparing examination one and two, examination two and three, and so on. The implants were rotated 180˚in the XY-plane with respect to the the orientation in Figure 2 . To maintain consistency with the defined directions of movements the sign had to switch when measuring X-and Y-axis translations and rotations.
To decide the necessary number and ideal position of bone markers we compared four different bone marker distributions (MD) (Fig. 4 A-H) .
The patients participating in a randomized clinical trial comparing the two arthroplasties (ClinicalTrials.gov NCT01842724) received 6-10 1 mm tantalum beads implanted in the radius, and capitate (ReMotion Accuracy was measured with the same implants and surface models as in the phantom precision study. The radial and carpal/metacarpal components were glued together via the articulation and fixed to a micrometer (Thorlabs, Inc, Newton, NJ), which in turn was attached to a plexiglas base plate ( Fig. 6A and B) . The micrometer consisted of a combined X-, Y-, and Z-translation stage and a rotation stage. The translation stage had a resolution of 0.01 mm and the rotation stage 1/25˚(2.4 arcmin). One hollow plexiglas tube representing the radius with six 1 mm tantalum markers attached, and one representing the capitate and third metacarpal with eight tantalum markers attached were fixed to the same plexiglas base plate as the micrometer. The six most proximal of the eight markers attached to the tube resembling the capitate and third metacarpal were used to analyse the ReMotion 1 carpal component, whereas the six most distal of the eight markers were used to analyse the Motec 1 metacarpal component. By altering the translation Figure 5 . The patients were sitting with the forearm in an upright position resting in a sling, the palm facing forward. The x-ray beam was directed horisontally. The orientation of the wrist was equal to the phantom study. This setup was used since the RSA-lab was organized with the calibration box fixed in a vertical position. 
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and rotation stage of the micrometer the implants could be moved freely inside the two plexiglas tubes. The micrometer was positioned parallel to the calibration cage in all three planes. Three different setups were used ( Fig. 6A-C ). Since the radial and carpal/metacarpal components were glued together the movements were applied to both components simultaneously. A "zero migration" stereoradiograph was threads in the stereoradiograph, instead projecting one level too high or too low. This resulted in an incorrect shift in the models' longitudinal Y-axis position. However, by limiting the contour detection to the two implant ends, thereby eliminating most of the threads from the analysis, the models found their correct fit. Approximately 2/3 of the implant surface was excluded from the analysis.
Statistics
Precision was defined as 1.96 Â standard deviation (SD) of the differences between the double examinations, which is equal to the repeatability coefficient and represents the absolute value above which a measured migration indicates true migration in 95% of the cases. 32, 33 Levene's test for equality of variances was used to assess the difference in precision between various bone marker distributions. In this test the carpal and metacarpal components of both arthroplasties were calculated together as well as the radial components of both arthroplasties. The mean difference in match between the surface models and the contours of the corresponding implants after pose estimation was presented. This difference was determined by the mean shortest 3D distance between the 3D surface model and the projection lines of the detected implant contour. Accuracy was defined as the mean difference between imposed and measured migration, and the 95% limits of agreement (LOA) was calculated. The LOA is defined as accuracy AE 1.96 SD and represents the range we expect 95% of differences between 33 and linear regression analysis was done. The regression coefficient is the mean change in measurement error for every unit change in imposed migration, whereas the R squared value indicates the proportion of variation that can be explained by the regression model. Normal distribution was assumed if the histograms were bell-shaped. p-values <0.05 were considered significant. We used IBM 1 SPSS
1
Statistics version 24 (IBM Co., Armonk, NY) for the statistical analysis.
RESULTS
The precision for translations ranged from 0.03 to 0.14 mm, and for rotations from 0.18 to 1.52˚in the phantom study (Table 1 ). In the clinical study the precision for translations ranged from 0.06 to 0.18 mm, and for rotations from 0.32 to 2.18˚ (Table 2) . Reducing the number of markers from six (MD-A Fig. 4A and B) to three placed near the tip of the implant (MD-B Fig. 4C and D) , resulted in a lower precision in five of six translations and rotations for the carpal/metacarpal component and two of six translations and rotations for the radial component (p < 0.05). Precision improved by placing the three markers as a triangle around the implant (MD-C Fig. 4E and F) , but was still lower in three of six translations and rotations for the carpal/metacarpal component and two translations and rotations for the radial component (p < 0.05). Four markers surrounding the implant (MD-D Fig. 4G and H) resulted in equal precision to six markers (Table 3) .
Accuracy ranged from À0.06 to 0.04 mm, and from À0.38 to À0.01˚ (Table 4 ). Figure 7 shows the measurement errors on the Y-axis plotted against the imposed migrations on the X-axis. The three rotations which showed an association between the measurement errors and the implant movements in Figure 7 (carpal X-and Z-rotations and radial Z-rotations in the Remotion 1 ), revealed an increasing underestimation of the true rotations between 0.06 and 0.10˚for each degree of implant movement in the linear regression model (p < 0.05) ( Table 5 ). The rest of the rotations and translations revealed no significant changes in the measurement errors as implant movements increased, except for Y-translations in the Motec 1 metacarpal component, which showed a small increasing underestimation of the true translation of 0.01 mm for each mm of implant movement (p ¼ 0.016) ( Table 5) .
DISCUSSION
We performed a precision and accuracy study of model-based RSA with RE models in two different TWA. The precision and accuracy was high, meaning that the method can be applied for assessment of implant fixation in TWA.
We acknowledge limitations of our study. First, results from phantom studies should be treated with caution if extrapolated to patients. It was easier to visualize bone markers on stereoradiographs from the phantom models than from patients. Therefore, the phantom precision was higher than the clinical precision. Accuracy for RSA can only be studied by using a micrometer in an experimental model, and accuracy in patients is probably lower than in our phantom model. Second, as is the case for all RSA studies, the precision, and accuracy of our study does not necessarily apply to other wrist implants and patient cohorts. Different bone marker distributions and RSA equipment as well as implants with other shapes and coatings may reveal different results. This is why every RSA study should include double examinations of all patients to examine the precision of that particular study population. Third, even though we know that RSA can predict loosening in the hip and knee, we do not know if this is true for the wrist. Long-term followup studies should be performed to confirm the correlation between migration measured by RSA and loosening of wrist implants.
In the phantom precision study the standard deviations and therefore precision for translations were similar to what has been reported in knee and hip stem studies, whereas precision for rotations were lower.
18,29 Table 6 shows the clinical precision from comparable model-based RSA-studies using RE models. Precision in our clinical study was as good as or better than in hip, 29, 31 knee, 27, 34 ankle, 9 and trapeziometacarpal implants 12, 35 when comparing translations along all three axes. Precision for rotations was as good as or lower than in the hip 29, 31 and knee, 27, 34 as good as or better than in the ankle except for Y-rotations which were lower than in the talus, 9 and several times better than in the trapeziometacarpal joint 12, 35 (Table 6 ). Using RSA of the small and narrow wrist bones limits the options for placement of the bone markers. The markers were therefore forced to be aligned along the wrist bones, resulting in relatively high CN. This may explain why the rotations in many cases were less precise than in the hip and knee, and why the Yrotations which coincided with the long axis of the wrist, were the least precise.
Visualizing all bone markers was often difficult since the implants fill up much of the space inside the wrist bones. The bone markers therefore had to be placed close to the components, where they easily disappeared on stereoradiographs. A low number of visible bone markers affects the CN negatively, and we showed in a phantom study that fewer than four visible markers reduced the precision significantly (Table 3) . Even when three markers were spread out in a triangle around the components to yield a near optimal CN for three markers in the wrist bones, the precision could not match the precision of four markers placed in a rectangle around the implants. Due to these findings the radiographers were instructed to repeat the investigation if less than four rectangularly placed bone markers were visible on the stereoradiographs. Both the risk of hidden markers and aligned markers increases as bone size gets smaller, which can explain the lower precision in the trapeziometacarpal joint compared to our study (Table 6) . 12, 13, 35 In model-based RSA the precision is not only affected by the bone markers, but also by the shape of the implant and the accuracy of the surface models. 26, 31 The precision may decline with smaller implant sizes. In the phantom study medium sizes were investigated. If smaller sizes had been tested the precision might have been lower. In the clinical study the sizes most commonly used in clinical practice were tested, including both smaller (Remotion (Tables 1 and 2 ). In a tibia implant the accuracy was not affected by excluding 50% of the contour. 36 As far as we know neither a more extensive contour reduction in large sized implants nor a contour reduction in smaller implants have been investigated. Even though 2/3 of the contour was excluded from the Motec 1 , the precision and accuracy was not lower than for the Remotion 1 , indicating that a reduced contour can be applied in the wrist without substantial loss of precision and accuracy.
Inaccurate surface models reduce the precision by causing a mismatch with the corresponding implant during contour detection. This explains why CAD models which often differ to some extent from the final prosthetic design yield lower precision than RE models, 26 and why precision improves by analyzing the implant used to generate its corresponding RE model, as we did in both phantom experiments. 29 Accuracy data for RSA in upper limb arthroplasties has not been published before. 37 The accuracy for translations in our study was high, similar to what has been obtained in the knee and marginally lower than the hip. 18 Accuracy for rotations was similar to the hip, but lower than in the knee. 18 The system tended to underestimate the magnitude of the rotations (Table 4) , and for three of the rotations and one translation the measurement errors increased with increasing implant movement ( Fig. 7 and Table 5 ).
Our study demonstrated that the precision and accuracy of model-based RSA in TWA is sufficient for clinical use and comparable to hip and knee prostheses. Migration and loosening usually includes subsidence and/or tilting, 38 and is unlikely to take place only as rotations about the Y-axis, which was not measurable in the Motec
1
. Model-based RSA can therefore also be performed on the Motec 1 and other arthroplasties which are symmmetrical about the long axis. Fewer than four even optimally placed visible bone markers resulted in inferior precision. Due to the problems of visualising bone markers in the thin wrist bones we recommend placing at least six well-spread markers around each component.
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